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a  b  s  t  r  a  c  t
High  doses  of  anabolic  androgenic  steroids  (AAS)  impair  the  cardioprotective  effects  of  exercise  against
ischemia/reperfusion  (I/R)  insult,  possibly  through  cellular  redox  imbalance.  Here,  the  effect  of  nan-
drolone  decanoate  (DECA)  treatment  on heart  redox  metabolism  was  investigated  during  I/R in sedentaryeywords:
ree radicals
ntioxidant
eactive oxygen species
etabolism
and exercised  rats.  DECA  treatment  signiﬁcantly  reduced  superoxide  dismutase  and glutathione  reduc-
tase activities  in  exercised  rats  after  heart  reperfusion.  Catalase  and  glutathione  peroxidase  activities  were
not  affected  by DECA  in  both  sedentary  and  trained  rats,  regardless  the  I/R  period.  DECA also  induced
myocardial  oxidative  stress,  as evidenced  by the  reduced  levels  of  total  reduced  thiols  after  heart  reper-
fusion  in  exercised  rats  treated  with  the anabolic  steroid.  These  results  indicate  that  cardiotoxic  effects
of  supraphysiological  doses  of  AAS  involve  reduced  heart  antioxidant  capacity.. Introduction
The ischemic heart diseases represent leading causes of death
n many countries and it is well known that regular physical exer-
ise can effectively reduce their impact through the increase in
eart tolerance to an ischemia-reperfusion (I/R) insult [1,2]. It
as long been demonstrated that I/R promotes cellular reactive
xygen species (ROS) generation and, as a consequence, redox
mbalance [3,4]. Indeed, a number of evidence show that massive
OS production during myocardial reperfusion plays a central role
n I/R injury [3–5]. The sources of ROS, particularly the superox-
de radical (O2•−), during heart I/R events are multiple, but the
ain sources identiﬁed so far include the mitochondrial elec-ron transport system, and the activities of cytochrome p450,
itric oxide (NO) synthase, xanthine oxidase, lipoxygenases and
yclooxygenases as well as the NADPH oxidase complex [5]. Indeed,
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increased evidence implicates the NAPDH oxidase complex activ-
ity as a central mediator of I/R injury since mice lacking its
cytosolic component p47phox produced less superoxide, exhibited
reduced cardiomyocyte hypertrophy, apoptosis, interstitial ﬁbro-
sis and mortality upon myocardial ischemia [6]. Heart protection
against redox imbalance include non-enzymatic antioxidants, such
as reduced glutathione (GSH), thioredoxin, and alpha-tocopherol,
that directly scavenge unpaired electrons of free radicals avoiding
damage propagation [7], as well as antioxidant enzymes like super-
oxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and
others [7,8]. Each one of these mechanisms provide distinct levels
of heart protection against I/R injury [8].
Physical exercise is an important physiological stimulus that
decreases heart I/R injuries in different animal, tissue and ischemic
models [1,2,9]. Increasing evidence support the notion that
exercise-induced cardioprotection is mediated by cellular redox
metabolism, improving heart antioxidant defenses, decreasing
oxidative stress markers, and reducing infarct size upon I/R [1,2,10].
In this regard, exercise induces ROS, TNF- and IL-1 production,
which, in turn, activates Mn-SOD, then mediating the exercise-
induced cardioprotection [11]. Also, oxidative stress and the
degradation of proteins involved on calcium metabolism induced
by calpain are both abrogated by Mn-SOD activity [12].
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Fig. 1. Schematic representation of the treadmill exercise regimen and DECA treat-
ment (A) and heart ischemia-reperfusion protocols (B) for rats utilized in this study.
(A)  We have utilized this exercise protocol in a previous work [10], which was
adapted from the literature [36] and span 10 weeks, being each one depicted as a
numbered square. The white squares represents the period that animals were adapt-
ing to the motorized-treadmill exercise at 0% grade and were not treated with any
compound. In the ﬁrst week (1) the rats ran in a speed of 5–6 m/min for 20–30 min
during the ﬁrst three days (“a”) followed by two  days of 5–6 m/min for 15 min and
three bouts of 30 s of 15–20 m/min with recovery intervals of 5 m/min for 2.5 min
(“b”). After the bouts, the rats returned to an exercise of 5–6 m/min for 5–10 min. All
the  subsequent gray squares represent the period that rats received a weekly intra-
muscular shot of DECA (10 mg/kg) or vehicle (peanuts oil) on their posterior legs.
From week 2 to 4, the number of bouts (up to six/day) and speed (from 15–22 m/min
on the second week to 20–25 m/min on the fourth week) increased, with reduction
of  the recovery time between the bouts to 2 min (“c”). On weeks 5 and 6, the bouts’
speed increased to 25–31 m/min, with reduction of the recovery time to 1.5 min
(“d”). During the week 7 and 8, the number and speed of bouts were maintained
and grade increased 5%/week while the recovery time reduced to 1 min  (“e”). In the
last two weeks (9 and 10), the workload was maintained (“f”). The sedentary animals
were kept in their respective cages during all this exercise period. (B) After comple-68 E.A. Chaves et al. / Journal of Steroid Biochem
Anabolic-androgenic steroids (AAS) have been used by body-
uilders, power-lifters and athletes to improve physical perfor-
ance, muscular mass gain and strength [13,14]. Among the
ffects of AAS abuse in the cardiovascular system, increased blood
ressure, thrombosis, myocardial infarction, heart failure, atrial
nd ventricular ﬁbrillation, and electrophysiological disturbances
ere reported [10,13–17]. Indeed, supraphysiological AAS doses
ncreased myocardial susceptibility to I/R injury during exercise
n organism models [18]. However, the molecular mechanisms by
hich AAS abuse impairs the beneﬁcial effects of exercise on heart
hysiology and function remain largely unknown. Our group has
reviously shown that high doses of nandrolone decanoate (DECA)
mpaired not only the cardioprotective effects but also the increases
n SOD and GPx activities induced by exercise [10]. Similarly, a
ecent study observed that high doses of testosterone propionate
eversed the exercise-induced increase of SOD and catalase activ-
ties in rat hearts [19]. Important to notice is that in both reports
10,19] the effects of AAS on heart redox metabolism were car-
ied out only before the I/R event. Therefore, in the present work,
e investigated the effects of exercise and high doses of DECA
reatment on rat heart redox metabolism before, during and after
schemia.
. Materials and methods
.1. Chemicals
All reagents were purchased from Sigma–Aldrich Fine Chem-
cals (St. Louis, MO,  USA), with exception of hydrogen peroxide
Merck, Darmstadt, Germany) and DECA-DURABOLIN (Organon do
rasil, Brazil).
.2. Animals, exercise training program, steroid treatment and
n vitro I/R experiments
Adult male Wistar rats (weighing 220 ± 20 g) were kept at
5 ± 2 ◦C with 12:12 h dark/light cycles with free access to chow and
ater and all procedures were approved by the local institutional
nimal care and use committee (CEUA-CCS-UFRJ/IBCCF006). The
nimals were randomly allocated into four experimental groups:
ehicle sedentary (VS), DECA sedentary (DS), vehicle trained (VT)
nd DECA trained (DT). The exercise trained rats were submitted
o treadmill interval exercise training of ﬁve days a week dur-
ng ten weeks as shown in Fig. 1A and previously described [10].
rom the third to the tenth week of the experimental protocol,
he DS and DT groups received a weekly intramuscular injection
f 10 mg/kg of nandrolone decanoate (DECA). Rats that did not
eceive DECA, the vehicle groups (VS and VT), were injected with
he same volume of peanut oil with 10% (vol/vol) benzyl alco-
ol [10]. In vitro I/R experiments were conducted as described in
ig. 1B legend. After completion of the treadmill exercise regimen
nd DECA treatment periods (as described in Fig. 1A legend), the
ats were decapitated, hearts were rapidly excised and immersed
n a Krebs-Henseleit modiﬁed buffer (118 mM NaCl, 4.7 mM KCl,
5 mM NaHCO3, 1.2 mM MgSO4, 1.2 mM KH2PO4, 11 mM glucose,
nd 1.25 mM CaCl2, aerated with 95% O2 and 5% CO2). Heart aortas
ere hung on a modiﬁed Langendorff apparatus, perfused with
rebs-Henseleit modiﬁed buffer at a constant ﬂow of 10 mL/min
t 37 ± 0.5 ◦C. Hearts were kept immersed in perfusion solution,
s previously described [10]. After approximately 30 min  of con-
rol period, when the heart rates were stable, peristaltic pump was
topped and hearts were submitted to 30 min  of global ischemia fol-
owed by subsequent 60 min  of reperfusion. The arrows indicate the
ime points which heart tissue was collected to assess redox mark-
rs, as following: 30 min  of pre-ischemia, at 30 min  of ischemia andtion of the treadmill exercise regimen and DECA treatment periods (A), the hearts
were removed and subjected to the ischemia-reperfusion procedure as described in
the methods section.
at 60 min  of reperfusion. The collected tissues were quickly frozen
in liquid N2, and stored at −80 ◦C until biochemical analysis.
2.3. Heart homogenates preparations
Frozen cardiac tissues were cut into small pieces and homog-
enized with an ultra-turrax (Jame & Kunkel IKA – Labortechnik,
Germany) in nine volumes of 10 mM Tris–HCl pH 7.4 containing
0.9% NaCl, 1 mM PMSF and 0.5 g/mL aprotinin. Homogenate was
centrifuged at 720 × g at 4 ◦C for 10 min  and the supernatant was
utilized for enzymatic measurements [10]. Protein content was
determined by the Bradford method using bovine serum albumin
as standard [20].
2.4. Determination of antioxidant enzymes activities
All enzyme activities assays were performed at 37 ◦C with at
least four biological replicates for each group in a spectropho-
tometer GBC 920 UV–Vis (GBC Scientiﬁc Equipment, Australia)
and expressed as units (mol/min) per milligram of protein. Total
superoxide dismutase (SOD) activity was determined according
to the method described elsewhere [21]. Brieﬂy, total SOD activ-
ity was assessed by the rate of cytochrome c reduction at 550 nm
before and after adding the heart homogenate (10 g protein) in
a reaction medium containing 50 mM phosphate buffer (pH 8.0),
0.1 mM EDTA, 0.01 mM potassium cyanide, 0.02 mM cytochrome
c, 0.05 mM xanthine, 8 mU  xanthine oxidase. A 50% decrease on
the rate of cytochrome c reduction was  considered as one inter-
national unit (IU) of total SOD activity and was expressed as IU
per milligram of protein. Catalase activity was  measured by the
rate of decomposition of H2O2 to water and oxygen, following a
previous method from the literature [22]. The difference between
istry & Molecular Biology 138 (2013) 267– 272 269
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Fig. 2. Total superoxide dismutase activity was reduced by DECA treatment in exer-
cised rats after reperfusion. VS – vehicle sedentary (pi: n = 12; i: n = 11; r: n = 11); DS
–  DECA sedentary (pi: n = 16; i: n = 12; r: n = 11); VT – vehicle trained (pi: n = 7; i:
n  = 8; r: n = 7); DT – DECA trained (pi: n = 10; i: n = 8; r: n = 7). Symbols represent
statistical differences between the experimental groups within the same period of
I/R  period: * p < 0.05 VT versus VS and DS at pre-ischemia period; $ p < 0.05 VT versus
DT, # p < 0.01 VT versus VS both at reperfusion period. Letters indicate statistical dif-
ferences between the I/R periods within the same experimental group: a p < 0.05 VSE.A. Chaves et al. / Journal of Steroid Biochem
he rate of absorbance decrease at 240 nm in the presence or the
bsence of heart homogenates (80 g protein), was  measured in a
eaction medium composed of 50 mM phosphate buffer (pH 7.0),
.002% Triton X-100, 0.1 mM EDTA, 15 mM H2O2 in a ﬁnal volume
f 1 mL.  The amount of H2O2 was calculated using the molar extinc-
ion coefﬁcient (43.6 M/cm)  and catalase activity was  expressed in
nits (micromoles of H2O2 consumed per minute) by milligram
rotein. Glutathione peroxidase (GPx) activity was assayed by fol-
owing the NADPH oxidation at 340 nm in the presence of an
xcess of glutathione reductase, reduced glutathione and tert-butyl
ydroperoxide as substrates [23]. GPx activity was  calculated by
ubtracting the rate of NADPH oxidation observed with and with-
ut homogenate (50 g protein) in a reaction medium containing
00 mM phosphate buffer (pH 7.0), 1 mM EDTA, 0.15 mM NADPH,
.5 mM  GSH, 240 mU/mL  GR and tert-butyl hydroperoxide 1.2 mM,
n a ﬁnal volume of 1 mL.  The millimolar extinction coefﬁcient of
ADPH (6.22 mM/cm)  was used to determine the activity of GPx
nd expressed as units per milligram of protein, being one GPx unit
quivalent to 1 micromole of NADPH oxidized per minute. Glu-
athione reductase (GR) activity was determined by following the
ifference between the rate of NADPH oxidation at 340 nm during
 min  in the presence and absence of homogenate (50 g protein),
sing the millimolar extinction coefﬁcient of NADPH (6.22 mM/cm)
24]. The reaction medium was composed of 100 mM phosphate
uffer (pH 7.0), 1 mM EDTA, 0.1 mM NADPH and 1 mM GSSG, in a
nal volume of 1 mL.  The enzyme activity was expressed in units
f micromoles NADPH oxidized per minute per milligram protein.
.5. Quantiﬁcation of total reduced thiols
The total reduced thiols content was determined spectropho-
ometrically at 412 nm by following DTNB reduction as described
lsewhere [25] using the molar extinction coefﬁcient 13600 M/cm
nd was expressed as nmoles of DTNB reduced per milligram of
rotein.
.6. Statistical analyses
Data are presented in tables as mean ± S.E.M. For compar-
sons purposes, values for each condition were ﬁrstly analyzed
y D’Agostino & Pearson omnibus normality test. If data passed
he normality test, we performed the one-way analysis of vari-
nce (ANOVA) test followed by a posteriori Tukey’s test for
air-wise comparisons. When normality was not achieved, the
ruskal–Wallis test was performed and followed by a posteriori
unn’s multiple comparison test. Signiﬁcance was established at
 < 0.05 for all tests and these were carried out by using the Graph-
ad Prism 5.0 version (GraphPad Software Inc., San Diego, USA).
. Results
In a previous work, we have described the effects of DECA treat-
ent on physiological aspects of male rat heart [10]. Brieﬂy, DECA
educed the left ventricular developed pressure and increased
nfarct size upon I/R in exercised rats. This was accompanied by
he blockage of the induction of both superoxide dismutase (SOD)
nd glutathione peroxidase (GPx) activities by exercise in DECA
reated animals only on pre-ischemia. Measurements of body and
eart weights indicated that DECA treatment caused no signiﬁcant
hanges in these parameters among all groups, despite a signiﬁcant
ncrease in the heart/body weight ratio in AAS-treated animals,
egardless the exercise. Collectively, these data indicate that the
ardiotoxic effects of DECA reverse the beneﬁcial effects of exercise
n heart physiology and suggest that impairment of antioxidant
nzymes plays a role in this process. However, to date, there is no
echanistic evidence in the literature pointing out the changes inischemia versus VS pre-ischemia and VS reperfusion.
redox metabolism during heart I/R in AAS-treated exercised ani-
mals.
On Fig. 2, we observed that exercise caused a signiﬁcant increase
(p < 0.05) of total SOD activity on pre-ischemia when compared to
the VS and DS groups (76.8 and 67.5%, respectively). Interestingly,
the induction of SOD activity provided by exercise was  partially
blunted by DECA treatment in the DT group during pre-ischemia,
representing a loss of 28.5% of its activity when compared to the
VT group. Compared to VS and DS groups, the induction of SOD
activity provided by exercise in DECA-treated rats was  of only 26.4
and 19.8%, respectively. A similar trend was  also observed during
the 30 min  of ischemic period. Importantly, after 60 min of reper-
fusion, there was  a signiﬁcant (p < 0.05) impairment of total SOD
activity caused by DECA treatment on exercised rats, representing
a loss of 49.2% of its levels when compared to VT (Fig. 2). The DT
group also lost 16.9% of total SOD activity on reperfusion in com-
parison to their pre-ischemic levels, whereas this was  not observed
in any of the three other groups. The effects of DECA on SOD activity
were only observed in exercised trained group (DT), implicating the
mechanisms dealing with the exercise-induced redox metabolism
as the main targets of DECA.
The assessment of catalase activity revealed no signiﬁcant dif-
ferences among the four experimental groups at ischemia and
reperfusion periods (Fig. 3). In this regard, the DT group has lost
only 4.6 and 8.8% of its activity on pre-ischemia and reperfusion,
respectively, when both were compared to the VT group. Curiously,
the activities of catalase were signiﬁcant (p < 0.001–0.05) higher
during ischemia in comparison to their respective pre-ischemia or
reperfusion periods in all four groups.
Fig. 4 shows the effects of DECA treatment on GPx activities in
hearts of sedentary and exercised rats along I/R. We observed no
signiﬁcant differences between the DECA and their respective vehi-
cle control animals, both on pre-ischemia and ischemia periods.
However, DECA treatment of sedentary animals (DS group) signiﬁ-
cantly reduced (p < 0.05) GPx activity on reperfusion, representing
a loss of 33.7% of its levels when compared to the VS group (Fig. 4).
Although we  could not observe any statistical signiﬁcance, the DT
group lost 20.8 and 28.7% of GPx activity on both pre-ischemia and
reperfusion periods, respectively, when compared to VT. Thus, in
contrast to the observed effects of DECA on SOD activity, as the
inhibitory action of this steroid on GPx activity were also detected
270 E.A. Chaves et al. / Journal of Steroid Biochemistry & Molecular Biology 138 (2013) 267– 272
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Fig. 3. DECA treatment caused no changes on catalase activity after reperfusion. VS
–  vehicle sedentary (pi: n = 12; i: n = 11; r: n = 11); DS – DECA sedentary (pi: n = 16;
i:  n = 12; r: n = 11); VT – vehicle trained (pi: n = 7; i: n = 8; r: n = 8); DT – DECA trained
(pi:  n = 10; i: n = 8; r: n = 8). Symbols represents statistical differences between the
experimental groups within the same period of I/R period: # p < 0.05 VT versus DS
at  pre-ischemia period; * p < 0.05 VS versus DT at ischemia period. Letters indicate
statistical differences between the I/R periods within the same experimental group:
a p < 0.001 VS ischemia versus VS pre-ischemia and VS reperfusion, DS ischemia
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Fig. 5. Glutathione reductase activity was  reduced by DECA treatment in exercised
rats after reperfusion. VS – vehicle sedentary (pi: n = 12; i: n = 11; r: n = 11); DS –
DECA sedentary (pi: n = 16; i: n = 12; r: n = 11); VT – vehicle trained (pi: n = 7; i: n = 8;
r:  n = 8); DT – DECA trained (pi: n = 10; i: n = 8; r: n = 8). Symbols represent statistical
differences in relation to the other experimental groups within the same period of I/R
protocol: # p < 0.05 DS versus VS at reperfusion period; * p < 0.05 DT versus VS and VT
at reperfusion period. Letters indicate statistical differences between the I/R periods
within the same experimental group: a p < 0.05 VS ischemia versus VS reperfusion;ersus DS pre-ischemia, b p < 0.01 VT ischemia versus VT pre-ischemia, c p < 0.05 DT
schemia versus DT pre-ischemia.
n sedentary animals (DS group), this indicates that DECA target an
xercise-independent mechanism that regulates GPx activity.
No signiﬁcant differences on GR activity were observed in
he four experimental groups during pre-ischemic and ischemic
eriods (Fig. 5). However DECA treatment caused a signiﬁcant
eduction (p < 0.05) on GR activity, in both sedentary and exercise-
rained animals (DS and DT) in comparison to their respective
ontrols (VS and VT) after 60 min  of reperfusion. Importantly, the
T group lost about 21.2% of GR activity after reperfusion when
ompared to VT. It is interesting to note that throughout the I/R
rocedure, the VT group lost 8.3% whereas the DT lost 18.8% of
R activity. We  also observed signiﬁcant reductions (p < 0.05) on
R activity in DECA-treated sedentary animals of about 15.2% after
eperfusion. Therefore, similar to the data presented in Fig. 4, the
ffects of DECA on GR activity suggest that DECA administration
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ig. 4. Rat heart glutathione peroxidase activity on sedentary and exercised rats
reated with DECA. VS – vehicle sedentary (pi: n = 12; i: n = 11; r: n = 11); DS – DECA
edentary (pi: n = 16; i: n = 12; r: n = 11); VT – vehicle trained (pi: n = 7; i: n = 8; r:
 = 8); DT – DECA trained (pi: n = 10; i: n = 8; r: n = 8). Symbols represent statis-
ical differences between the experimental groups within the same period of I/R
eriod: # p < 0.005 VT versus DS at pre-ischemia period; * p < 0.05 VS versus DT at
eperfusion period. Letters indicate statistical differences between the I/R periods
ithin the same experimental group: a p < 0.01 VT reperfusion versus VT ischemia
nd DT reperfusion versus DT pre-ischemia; b p < 0.001 DS reperfusion versus DS pre-
schemia; c p < 0.0005 DS reperfusion versus DS ischemia and DT reperfusion versus
T  ischemia.b p < 0.001 DS ischemia versus DS pre-ischemia; c p < 0.0001 DS ischemia versus DS
reperfusion; d p < 0.05 VT ischemia versus VT reperfusion and DT ischemia versus DT
reperfusion.
implicates an exercise-independent mechanism as a target of this
steroid to mediate its inhibitory action on GR activity.
The quantiﬁcation of total reduced thiol groups revealed no sig-
niﬁcant differences among the four experimental groups during the
pre-ischemic period (Fig. 6). This indicates that, despite the changes
on antioxidant enzymes activities observed on Figs. 2–5 during pre-
ischemia, both exercise and DECA treatment caused no apparent
redox imbalance (Fig. 6). Also, the total reduced thiol groups did
not change during ischemia and were not signiﬁcantly distinct from
those observed on the pre-ischemic period. However, after 60 min
of reperfusion, there was  a signiﬁcant reduction (p < 0.005) on the
levels of total reduced thiols on the DT group, when compared to the
VT group. When the DECA treated animals (DS and DT) were com-
pared to their respective controls (VS and VT) on reperfusion, we
observed that the levels reduced thiols on DT were 40.4% lower than
VT, whereas the DS were 16.8% lower than VS. Curiously, the levels
of total reduced thiols were preserved along the I/R procedure only
in the VT group, indicating that exercise-induced cardioprotection
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Fig. 6. DECA treatment reduced the heart total thiol content in exercised rats after
reperfusion. VS – vehicle sedentary (pi: n = 10; i: n = 10; r: n = 6); DS – DECA sedentary
(pi:  n = 9; i: n = 9; r: n = 6); VT – vehicle trained (pi: n = 6; i: n = 7; r: n = 5); TD –
DECA trained (pi: n = 7; i: n = 7; r: n = 5). Symbols represent statistical differences in
relation to the other experimental groups within the same period of I/R protocol:
*  p < 0.005 VT versus DS and DT at reperfusion period. Letters indicate statistical
differences between the I/R periods within the same experimental group: a p < 0.05
VS  ischemia versus VS reperfusion, DS ischemia versus DS reperfusion; b p < 0.01 DT
reperfusion versus DT pre-ischemia and DT ischemia; c p < 0.0001 DS reperfusion
versus DS pre-ischemia.
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s lost by DECA treatment. Indeed, the relative loss of thiol groups
bserved in VS, DS and DT groups along the I/R insult were 24.9,
3.4, and 34.1%, respectively.
. Discussion
In this work, we investigated the effects of supraphysiological
AS administration on rat heart redox metabolism in sedentary and
xercised animals along the I/R interventions. Our data show that
ECA treatment impaired the beneﬁcial effects of exercise on redox
etabolism, by reducing SOD and GR activities, causing reductions
n the levels of total reduced thiols after heart reperfusion in exer-
ised rats. Together, these data indicate that the cardiotoxic effects
ssociated to AAS abuse are mediated by reduced heart antioxi-
ant capacity. In agreement with these observations, our group has
reviously reported that exercise decreased heart ischemic injuries
nd improved contractile function at the end of reperfusion, events
hat were all reversed by DECA treatment [10]. Interestingly, the
ffects of exercise on the induction of both SOD and GPx activi-
ies were also abrogated in DECA treated animals. Noteworthy, the
ssessment of antioxidant enzymes in DECA treated animals was
onducted only before I/R in our previous work [10].
A recent work investigated the effects of testosterone on rat
eart physiology and redox homeostasis on control (non-ischemic)
onditions [19]. In that work, testosterone promoted lipid perox-
dation in sedentary and exercised animals in a dose-dependent
anner [19]. Also, in sedentary animals, high testosterone doses
igniﬁcantly reduced heart GPx and GR activities but not catalase,
hereas in exercised rats the activities of all these enzymes were
trongly reduced by this steroid [19]. In general, the data shown in
he present work are in agreement with Sadowska-Kre˛pa’s report
19] since DECA administration also caused signiﬁcant reductions
n rat heart GPx and GR activities in sedentary animals only after
eperfusion (Figs. 4 and 5). Also, signiﬁcant reductions in SOD
nd GR activities, as well as in total reduced thiol levels were
bserved in exercised-DECA treated rats (Figs. 2, 5 and 6). Impor-
antly, these changes were essentially found after the reperfusion
eriod, suggesting that redox imbalance triggered by DECA may
e caused by the reductions of antioxidant defenses upon a heart
schemic event. However, alternative possibilities should also be
onsidered to explain our observations. First one is that acidiﬁ-
ation during ischemic period might cause structural changes on
he antioxidant enzymes investigated, making them more suitable
o post-translational covalent modiﬁcations by their physiological
odulators, even after pH recovery. Also, we cannot rule out that
ifferent degree of hypertrophy, usually observed in models similar
o ours [18,26,27], could differently affect the studied parame-
ers. Further investigations are required to fully address these
ssues.
The reported heart responses upon AAS administration in
edentary and exercised animals indicate that all these effects
re likely to be mediated by two distinct mechanisms, being one
ndependent of and the other dependent on exercise [10,19]. For
nstance, testosterone administration reduced heart SOD, GPx
nd GR activities but not catalase [19] even in untrained rats (the
xercise-independent mechanism), whereas the activities of SOD
nd GPx were further reduced in exercised animals, compared
o their testosterone-sedentary rats (the exercise-dependent
echanism). Indeed, in sedentary rats, GPx and GR activities were
igniﬁcantly reduced by DECA treatment only after reperfusion
Figs. 4 and 5, respectively), whereas SOD and catalase activities
Figs. 2 and 3, respectively) and the total thiols levels (Fig. 6),
emained unchanged regardless the I/R period investigated. In
upport to this concept of the two mechanisms of AAS-mediated
edox imbalance, previous evidence indicate that steroids regulate & Molecular Biology 138 (2013) 267– 272 271
antioxidant response induced by modulating key signaling path-
ways triggered by cytokines and transcription factors in tissues
other than heart from sedentary animals [28–30]. In human hep-
atocytes, steroid treatment slightly affected TNF--induced AP-1
and NF-B transcriptional activity, in a ROS-dependent mechanism
[28]. Interestingly, dexamethasone abrogated speciﬁcally TNF-
-dependent induction of Mn-SOD transcription in hepatocytes,
without affecting glutathione peroxidase or Cu-Zn SOD expression
[29]. Chronic administration of high doses of testosterone also
impaired the increase in skeletal muscle MnSOD activity and
reduction of oxidative stress [30]. In this regard, it is known that
SOD activity is up-regulated by different stress conditions, such as
redox imbalance and hyperoxia [31]. Conceivably, the impairment
of exercise-dependent activation of NF-B by supraphysiological
AAS administration, would prevent heart SOD activation, resulting
in cellular redox imbalance. Despite the evidence, it must be
emphasized that the involvement of speciﬁc molecular mediators
on the biological effects of AAS depend on numerous factors such
as the animal model investigated, age, sex, AAS dose, metabolism
and treatment regimen [32,33].
A number of evidence supports the concept that improve-
ment of antioxidant defenses protects heart from I/R insults
[2,4,5,7,10,34,35]. Bolus infusion of recombinant human SOD in
dogs reduced heart ROS levels after reperfusion, reducing infarct
size and risk region [34]. Also, increases in MnSOD content and
activity induced by exercise provides cardioprotection by atten-
uating I/R induced oxidation and calpain-mediated degradation
of myocardial Ca2+-handling proteins, which avoids the apoptosis
and necrosis of cardiomyocytes [12]. Thus, given the importance of
antioxidant defenses to determine the lesions extent induced by an
I/R insult, we  postulated that the loss of exercise-induced cardio-
protection mediated by the chronic use of high doses of DECA might
be associated to a reduction of antioxidant enzyme activities before
the ischemia and further aggravated during the reperfusion insult.
Indeed, reduced activities of SOD and GR found in the DT group
(Figs. 2 and 5) seems to directly mediate redox imbalance during the
reperfusion period (Fig. 6). Particularly important to notice is the
effect of DECA on GR activity that would severely impact heart GSH
turnover, which, in turn, would affect the capacity GPx to detox-
ify organic and inorganic peroxides produced by cell metabolism.
This is in agreement with the data presented on Fig. 6, since an
oxidative stress condition was  established during I/R insult, with
an exception of the CT group.
In conclusion, the present study demonstrates that high doses
of AAS hampered the cardioprotection provided by exercise by
blocking its positive effects on antioxidant enzymes activities. Fur-
ther research is required to determine the exact mechanisms by
which DECA mediates these effects on heart physiology and redox
metabolism.
Acknowledgements
We would like to thank Advaldo Nunes Bezerra for the techni-
cal assistance and animal care. This study was supported by grants
from CAPES, CNPq (through the Instituto Nacional de Ciência e Tec-
nologia em Biologia Estrutural e Bioimagem-INBEB), and FAPERJ.
MFO  and DPC are research scholars from CNPq. MFO  is a “Jovens
Cientistas do Nosso Estado” and DPC is a “Cientistas do Nosso
Estado” fellows from FAPERJ.
References[1] S.K. Powers, H.A. Demirel, H.K. Vincent, J.S. Coombes, H. Naito, K.L. Hamil-
ton, R.A. Shanely, J. Jessup, Exercise training improves myocardial tolerance
to in vivo ischemia-reperfusion in the rat, American Journal of Physiology –
Regulatory, Integrative and Comparative Physiology 275 (1998) R1468–R1477.
2 istry
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
nal of Physiology – Heart and Circulatory Physiology 281 (2001)
H679–H688.72 E.A. Chaves et al. / Journal of Steroid Biochem
[2] K.L. Hamilton, S.K. Powers, T. Sugiura, S. Kim, S. Lennon, N. Tumer, J.L. Mehta,
Short-term exercise training can improve myocardial tolerance to I/R without
elevation in heat shock proteins, American Journal of Physiology – Heart and
Circulatory Physiology 281 (2001) H1346–H1352.
[3] C. Guarnieri, F. Flamigni, C.M. Caldarera, Role of oxygen in the cellular damage
induced by re-oxygenation of hypoxic heart, Journal of Molecular and Cellular
Cardiology 12 (1980) 797–808.
[4] A. Arduini, A. Mezzetti, E. Porreca, D. Lapenna, J. DeJulia, L. Marzio, G. Polidoro,
F.  Cuccurullo, Effects of ischemia and reperfusion on antioxidant enzymes and
mitochondrial inner membrane proteins in perfused rat heart, Biochimica et
Biophysica Acta 970 (1988) 113–121.
[5] K. Raedschelders, D.M. Ansley, D.D. Chen, The cellular and molecular origin
of  reactive oxygen species generation during myocardial ischemia and reper-
fusion, Pharmacology & Therapeutics 133 (2012) 230–255.
[6] C. Doerries, K. Grote, D. Hilﬁker-Kleiner, M.  Luchtefeld, A. Schaefer, S.M. Hol-
land, S. Sorrentino, C. Manes, B. Schieffer, H. Drexler, U. Landmesser, Critical
role of the NAD(P)H oxidase subunit p47phox for left ventricular remodel-
ing/dysfunction and survival after myocardial infarction, Circulation Research
100  (2007) 894–903.
[7] D. Shao, S. Oka, C.D. Brady, J. Haendeler, P. Eaton, J. Sadoshima, Redox modiﬁ-
cation of cell signaling in the cardiovascular system, Journal of Molecular and
Cellular Cardiology 52 (2012) 550–558.
[8] M.  Shlafer, P.F. Kane, V.Y. Wiggins, M.M.  Kirsh, Possible role for cytotoxic oxy-
gen metabolites in the pathogenesis of cardiac ischemic injury, Circulation 66
(1982) 85–92.
[9] J.W. Calvert, M.E. Condit, J.P. Aragón, C.K. Nicholson, B.F. Moody, R.L. Hood,
A.L. Sindler, S. Gundewar, D.R. Seals, L.A. Barouch, D.J. Lefer, Exercise protects
against myocardial ischemia-reperfusion injury via stimulation of (3)-
adrenergic receptors and increased nitric oxide signaling: role of nitrite and
nitrosothiols, Circulation Research 108 (2011) 1448–1458.
10] E.A. Chaves, P.P. Pereira-Junior, R.S. Fortunato, M.O. Masuda, A.C. de Carvalho,
D.P. de Carvalho, M.F. Oliveira, J.H. Nascimento, Nandrolone decanoate impairs
exercise-induced cardioprotection: role of antioxidant enzymes, Journal of
Steroid Biochemistry and Molecular Biology 99 (2006) 223–230.
11] N. Yamashita, S. Hoshida, K. Otsu, M.  Asahi, T. Kuzuya, M. Hori, Exercise pro-
vides direct biphasic cardioprotection via manganese superoxide dismutase
activation, Journal of Experimental Medicine 189 (1999) 1699–1706.
12] J.P. French, K.L. Hamilton, J.C. Quindry, Y. Lee, P.A. Upchurch, S.K. Pow-
ers,  Exercise-induced protection against myocardial apoptosis and necrosis:
MnSOD, calcium-handling proteins, and calpain, FASEB Journal 22 (2008)
2862–2871.
13] M.L. Sullivan, C.M. Martinez, P. Gennis, E.J. Gallagher, The cardiac toxicity of
anabolic steroids, Progress in Cardiovascular Diseases 41 (1998) 1–15.
14] F. Hartgens, H. Kuipers, Effects of androgenic-anabolic steroids in athletes,
Sports Medicine 34 (2004) 513–554.
15] B.D. Phillis, M.Y. Abeywardena, M.J. Adams, J.A. Kennedy, R.J. Irvine, Nandrolone
potentiates arrhythmogenic effects of cardiac ischemia in the rat, Toxicological
Sciences 99 (2007) 605–611.
16] American Academy of Pediatrics, Comitee on Sports Medicine and Fitness, Ado-
lescents and anabolic steroids: a subject review, Pediatrics 99 (1997) 904–908.
17] E. Medei, E.M. Marocolo, D.C. Rodrigues, P.C. Arantes, C.M. Takiya, J. Silva, E.
Rondinelli, R.C. Goldenberg, A.C. de Carvalho, J.H. Nascimento, Chronic treat-
ment with anabolic steroids induces ventricular repolarization disturbances:
cellular, ionic and molecular mechanism, Journal of Molecular and Cellular
Cardiology 49 (2010) 165–175.
18] E.F. Du Toit, E. Rossouw, V. Rooyen, Prosposed mechanisms for the anabolic
steroid-induced increase in myocardial susceptibility to ischemia/reperfusion
injury, Cardiovascular Journal of Africa 16 (2005) 21–28.
[ & Molecular Biology 138 (2013) 267– 272
19] E. Sadowska-Krepa, B. Kłapcinska, S. Jagsz, A. Sobczak, S.J. Chrapusta, M.  Chal-
imoniuk, P. Grieb, S. Poprze˛cki, J. Langfort, High-dose testosterone propionate
treatment reverses the effects of endurance training on myocardial antioxi-
dant defenses in adolescent male rats, Cardiovascular Toxicology 11 (2011)
118–127.
20] M.M.  Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein using the principle of protein–dye binding, Analytical
Biochemistry 72 (1976) 248–254.
21] J.D. Crapo, J.M. McCord, I. Fridovich, Preparation and assay of superoxide dis-
mutases, Methods in Enzymology 3 (1977) 382–393.
22] H. Aebi, Catalase in vitro, Methods in Enzymology 105 (1984) 121–126.
23] L. Flohé, W.A. Günzler, Assays of glutathione peroxidase, Methods in Enzymol-
ogy 105 (1984) 114–121.
24] I. Calberg, B. Mannervik, Glutathione reductase, Methods in Enzymology 113
(1985) 484–490.
25] J. Sedlack, R.H. Lindsay, Estimation of total protein-bound and non-protein
sulfhydryl groups in tissue with Ellman’s reagent, Analytical Biochemistry 25
(1968) 192–205.
26] B. Trifunovic, G.R. Norton, M.J. Dufﬁeld, P. Avraam, A.J. Woodiwiss, An andro-
genic steroid decreases left ventricular compliance in rats, American Journal of
Physiology 268 (1995) H1096–H1105.
27] Y.T. Tseng, R.W. Rockhold, B. Hoskins, I.K. Ho, Cardiovascular toxicities of nan-
drolone and cocaine in spontaneously hypertensive rats, Fundamental and
Applied Toxicology 22 (1994) 113–121.
28] Y. Iwasaki, M.  Asai, M.  Yoshida, T. Nigawara, M.  Kambayashi, N. Nakashima,
Dehydroepiandrosterone-sulfate inhibits nuclear factor-B-dependent tran-
scription in hepatocytes, possibly through antioxidant effect, Journal of Clinical
Endocrinology & Metabolism 89 (2004) 3449–3454.
29] J. Antras-Ferry, K. Mahéo, F. Morel, A. Guillouzo, P. Cillard, J. Cillard, Dexameth-
asone differently modulates TNF-alpha- and IL-1beta-induced transcription
of the hepatic Mn-superoxide dismutase gene, FEBS Letters 403 (1997)
100–104.
30] O. Pansarasa, G. D’Antona, M.R. Gualea, B. Marzani, M.A. Pellegrino, F. Marzatico,
Oxidative stress: effects of mild endurance training and testosterone treatment
on  rat gastrocnemius muscle, European Journal of Applied Physiology 87 (2002)
550–555.
31] L.B. Clerch, D. Massaro, Tolerance of rats to hyperoxia. Lung antioxidant enzyme
gene expression, Journal of Clinical Investigation 91 (1993) 499–508.
32] M.  Neri, S. Bello, A. Bonsignore, S. Cantatore, I. Riezzo, E. Turillazzi, V. Fineschi,
Anabolic androgenic steroids abuse and liver toxicity, Mini-Reviews in Medic-
inal Chemistry 11 (2011) 430–437.
33] I. Riezzo, D. De Carlo, M. Neri, A. Nieddu, E. Turillazzi, V. Fineschi, Heart dis-
ease induced by AAS abuse, using experimental mice/rats models and the role
of  exercise-induced cardiotoxicity, Mini-Reviews in Medicinal Chemistry 11
(2011) 409–424.
34] G. Ambrosio, L.C. Becker, G.M. Hutchins, H.F. Weisman, M.L. Weisfeldt, Reduc-
tion in experimental infarct size by recombinant human superoxide dismutase:
insights into the pathophysiology of reperfusion injury, Circulation 74 (1986)
1424–1433.
35] P.R. Ramires, L.L. Ji, Glutathione supplementation and training increases
myocardial resistance to ischemia-reperfusion in vivo, American Jour-36] J. Muniz, J. Del Rio, M.  Huerta, J.L. Marin, Effects of sprint and endurance train-
ing on passive stress–strain relation of fast and slow twitch skeletal muscle in
Wistar rat, Acta Physiologica Scandinavica 173 (2001) 207–212.
